We demonstrate that massive fields, such as dark matter, can directly produce a cosmological evolution of the fundamental constants of Nature. We consider the specific model of a scalar or pseudoscalar (axion) dark matter field φ, which forms a condensate and interacts with Standard Model particles via quadratic couplings in φ. In our model, 'slow' cosmological evolution and oscillating variations of the fundamental constants arise due to changes in φ in time and space. The most stringent constraints on the physical parameters of our model come from measurements of the neutron-proton mass difference at the time of the weak interaction freeze-out prior to Big Bang nucleosynthesis and atomic dysprosium spectroscopy measurements.
The idea that the fundamental constants of Nature might vary with time can be traced as far back as the large numbers hypothesis of Dirac, who hypothesised that the gravitational constant G might be proportional to the reciprocal of the age of the Universe [1] . More contemporary dark energy-type theories, which predict the cosmological evolution of the fundamental constants, such as Brans-Dicke models, string dilaton models, chameleon models and Bekenstein models, assume that the underlying fields, which give rise to this evolution, are either massless or nearly massless, see e.g. Refs. [2-10, 12, 31] , as well as the review [13] . The evolution of the underlying dark energy-type field is determined by its couplings to matter, including dark matter, see e.g. Ref. [6] . Another possible way of achieving a variation of the fundamental constants is via quantum effects induced by cosmological renormalisation group flow, see e.g. Refs. [14] [15] [16] [17] [18] [19] .
In this letter, we demonstrate that a cosmological evolution of the fundamental constants can arise directly from a massive dark matter (DM) field, which is not unnaturally light. The possibility of exploring DM models in this particular context opens an exciting new avenue in the study of the cosmological evolution of the fundamental constants, since DM models are more amenable to theoretical and experimental investigation compared with their dark energy-type counterparts (see e.g. Ref. [20] and references therein). One of the leading candidates for DM is the axion, a pseudoscalar particle which was originally introduced in order to resolve the strong CP problem of Quantum Chromodynamics (QCD) [21, 22] (see also [23] [24] [25] [26] ). The axion is believed to have formed a condensate in the early Universe [27] , which can be sought for through a variety of distinctive signatures (see e.g. [28] [29] [30] [31] [32] [33] [34] [35] ).
In the present letter, we consider a non-relativistic cold scalar or pseudoscalar DM field φ, which is produced either non-thermally (through vacuum decay [36] ) or thermally (with a very large mass), and forms a classical, oscillating condensate, φ = φ 0 cos(ωt), that oscillates with frequency ω ≈ m φ c 2 / , where m φ is the mass of the DM particle, c is the speed of light and is the reduced Planck constant. In particular, although φ = 0, φ 2 = 0 for such a condensate. We note that Big Bang nucleosynthesis (BBN) and Cosmic Microwave Background (CMB) measurements do not, however, rule out the existence of a relativistic scalar or pseudoscalar DM field [37] . The DM model we consider in our present work satisfies constraints on both interaction strength and mass from existing experiments, including equivalence principle tests and supernova energy loss bounds, and also satisfies gravitational requirements (including the formation of observed galactic DM haloes), since the non-gravitational interactions we consider are very weak.
The field φ can couple to the Standard Model (SM) fields via the following quadratic-in-φ interactions:
where the sum runs over all SM fermions f , m f is the standard mass of the fermion, f is the fermion Dirac field
where F µν are the components of the electromagnetic field tensor, and the components of the wavefunction of the corresponding massive vector boson. Unlike the corresponding linearin-φ interactions, here φ can represent either a scalar or pseudoscalar particle, since φ 2 is of even parity for both. Λ X is a large energy scale, which from existing astrophysical observations and gravitational tests is constrained to be Λ X 10 4 GeV for photon, electron and proton interactions [38] . Eqs. (1), (2) and (3) alter the fundamental constants as follows, respectively:
When m φ H(t), where m φ is the mass of the DM particle and H(t) = 1/2t is the Hubble parameter as a function of time [39] , φ is an oscillating field and so φ 2 contains both the oscillating term, φ 2 0 cos(2ωt)/2 (see [40] for the effects stemming from this oscillating term), as well as the non-oscillating term,
, φ is a non-oscillating constant field due to the effects of Hubble friction. Thus, the temporal evolution of and spatial variations in φ 2 produce 'slow' space-time variations in the fundamental constants, while the oscillations in φ 2 produce oscillating variations in the fundamental constants. Although we focus on a scalar or pseudoscalar DM condensate in the present work, we note that 'slow' space-time variations of the fundamental constants can arise for any generic scalar or pseudoscalar DM that interacts with SM particles via quadratic-in-φ interactions, since the only requirement for such a variation is that φ 2 = 0. The energy density of a nonrelativistic oscillating DM field is given by ρ m 2 φ φ 2 and for a non-relativistic cold field evolves according to the relationρ
where z(t) is the redshift parameter and the present mean DM energy density is determined from WMAP measurements [41] (for relativistic DM, the mean DM energy density evolves asρ DM ∝ [1 + z(t)] 4 ). The energy density of a non-oscillating DM field is given by ρ = m 2 φ φ 2 /2 and, due to Hubble friction, is approximately constant while the field remains non-oscillating:
where z(t m ) is defined by H(t m ) = m φ . In both cases, the largest effect of variation of the fundamental constants induced by a DM condensate, therefore, occurs during the earliest times of the Universe.
We consider the effects produced by temporal and spatial variations in φ 2 , beginning with the former. The most stringent temporal constraints on the physical parameters of our present model come from measurements and SM predictions of the abundance of 4 He produced during BBN (see Table I ), which is predominantly determined by the neutron-to-proton number ratio at the time of the weak interaction freeze-out
Planck ) ≈ 0.75 MeV [39] ), where T F is the weak interaction freeze-out temperature, θ W is the Weinberg angle, α is the electromagnetic fine-structure constant, M Planck is the Planck mass and b is a numerical constant. The neutron-to-proton ratio at the time of weak interaction freeze-out is given by
where Q np is the neutron-proton mass difference:
with the present-day values (aαΛ QCD ) 0 = −0. 
Extrapolating back to the time of weak interaction freezeout (∆t ≈ 180 s) with a neutron half-life of τ n = 880 s [41] , gives the measured and predicted n/p ratio at the time of weak interaction freeze-out:
which correspond to the following measured and predicted Q np /T F ratio:
The relative difference in the measured and predicted Q np /T F ratio is found to be (adding the experimental and theoretical uncertainties in quadrature):
(17) can be interpretted as a constraint on temporal variations in the underlying fundamental constants from the time of weak interaction freeze-out until the present time:
where we have made use of the relation cos( [41] . The constraint (18) can be expressed in terms of the physical parameters of our model (retaining only variations in the fundamental constants that are induced through interactions (1) - (3)):
where κ X = ±1 correspond to the relevant signs in the Lagrangians (1) -(3). For an oscillating DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves according to (7) , this leads to
where we have made use of the fact that φ 
where we have made use of the fact that φ and the relation [1 + z(t m )]/(1 + z F ) t F /t m during and after BBN (but at much earlier times than electron-proton recombination), and assumed that the DM condensate saturates the present-day DM energy density. We note that a single type of measurement does not give constraints on the individual parameters appearing in (20) and (21), but rather gives constraints on a combination thereof. However, if for simplicity we assume that all κ X = +1 and all Λ X are equal to each other, then we arrive at the region of DM parameter space for our model of DM-induced variation of fundamental constants, shown in Fig. 1 , that is compatible with not only the constraints derived in the present work, but also with existing constraints from astrophysical observations and gravitational tests [38] .
We note that, although terrestrial experiments that search for a 'slow' linear-in-time drift of the fundamental constants on an annual timescale have insufficient sensitivity to probe unconstrained regions of the relevant DM parameter space (see Table I ), new high-precision atomic spectroscopy and laser interferometry [40] measurements that search for oscillating variations of the fundamental constants offer the possibility of exploring unconstrained regions of physical parameter space, since the required measurements can be performed over a much shorter timescale and with a higher sensitivity to the parameters of interest. In the present work, we have derived constraints on the DM parameters of interest (for X = α) using recent atomic dysprosium spectroscopy data taken from Ref. [56] . These new constraints, together with the region of parameter space that can be probed with existing laser interferometers [40] , are presented in Fig. 1 .
The most stringent constraints on spatial variations in φ 2 come from measurements of spatial variations in the abundance of primordial deuterium, as determined from quasar absorption spectra: d(D) = (5.4 ± 2.9) × 10 −3 / Glyr [57] (we use the notation d(X) to denote the fractional spatial gradient in parameter X), which is most naturally produced by spatial variations in φ 2 at the time of weak interaction freeze-out and during BBN. The average DM energy density changes considerably for an oscillating DM field (but not for a non-oscillating DM field) during BBN and, without resorting to a full, timedependent, numerical calculation, we obtain approximate constraints on the relevant DM parameters by scaling 2 for a nonrelativistic oscillating scalar or pseudoscalar DM field, relative to measurements pertaining to the weak interaction freezeout. The sensitivities of the various measurements to δX/X are taken from Refs. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] (see also the reviews [13, 53, 54] ). For weak interaction freeze-out, BBN and CMB phenomena, which occur prior to gravitationally-induced conglomeration of DM, we can use Eq. (7). For later phenomena, when DM becomes more concentrated in (proto)galactic regions and associated spatial inhomogeneities in the distribution of DM become more prevalent, we can no longer use Eq. (7). For quasars, we assume that (ρDM)quasar − (ρDM)0 ∼ (ρDM)0, where the present-day, local DM density is (ρDM)0 ≈ 0.4 GeV/cm 3 [41] . For the other phenomena, which take place within our galaxy, we assume that |∆ρDM| < (ρDM)0 over the duration of the relevant measurements.
Phenomenon
Overall sensitivity Weak interaction freeze-out 1 BBN freeze-out 10
CMB 10
Quasar absorption spectra ∼ 10
−19
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Atomic clocks ('slow' drift effects) < 10 −8
FIG. 1. (Color online)
Region of dark matter parameter space that is compatible with the induction of a cosmological evolution of the fundamental constants by scalar or pseudoscalar dark matter (unshaded region). Region below black line corresponds to the region of parameter space excluded by existing astrophysical observations and gravitational tests [38] . Region below blue line corresponds to the region of parameter space excluded by measurements pertaining to the neutronproton mass difference at the time of weak interaction freezeout, as derived in the present work. Region below red line corresponds to the excluded region of parameter space for X = α, derived in the present work using recent atomic dysprosium spectroscopy data taken from Ref. [56] . Region below orange line corresponds to the region of parameter space that can be probed with existing laser interferometers [40] .
the deuterium gradient determined from quasar absorption spectra to the time of weak interaction freeze-out, in order to obtain the n/p gradient at the time of weak interaction freeze-out:
where z weak ≈ 3.2×10 9 and z quasar ∼ 1. This corresponds to the following spatial gradient in Q np /T F :
or in terms of spatial gradients in the underlying fundamental constants:
which can be expressed in terms of the physical parameters of our model (retaining only variations in the fundamental constants that are induced through interactions (1) -(3)):
For an oscillating DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves according to (7) , this leads to
where we have assumed that the DM condensate saturates the present-day DM energy density. For a nonoscillating DM field (m φ 10 −16 eV at t F ≈ 1.1 s), for which the energy density evolves according to (8) , we have
where we have made use of the relation [1 + z(t m )]/(1 + z F ) t F /t m during and after BBN (but at much earlier times than electron-proton recombination) and assumed that the DM condensate saturates the present-day DM energy density.
In conclusion, we have demonstrated that massive fields, such as dark matter, can directly produce a cosmological evolution of the fundamental constants of Nature. We have considered the specific model of a scalar or pseudoscalar dark matter field φ, which forms a condensate and interacts with Standard Model particles via quadratic couplings in φ. In our model, 'slow' cosmological evolution and oscillating variations of the fundamental constants arise due to changes in φ in time and space. The most stringent constraints on the physical parameters of our model come from measurements of the neutron-proton mass difference at the time of the weak interaction freeze-out prior to Big Bang nucleosynthesis and atomic dysprosium spectroscopy measurements. Other atomic systems, including atomic clocks, and laser interferometers offer the possibility of exploring physical parameter space of our dark matter model for the interactions of dark matter with the photon, electron, nucleons and quarks.
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